I. INTRODUCTION
In the investigations of nucleus-nucleus collisions at intermediate energies large effort is concentrated on studies of the reaction mechanism leading to many-body final states. It is expected that in the beam energy range from 20 to 100 MeV/nucleon new phenomena may occur. This energy range is transitional between the low-energy regime where mean field determines the interaction process and the high-energy region where collisions of individual nucleons dominate. In the intermediate energy region a strong competition between low and high energy reaction mechanisms should appear. Therefore, besides the reaction mechanisms dominating at low energies ͑compound nucleus and direct reactions͒, other processes responsible for production of many particles in the exit channel should be regarded. Two basic, extreme models of reactions leading to a multiparticle final state are considered: the first one is a sequential binary decay-similar to that observed at low energies; the second one-predicted for large energies-corresponds to simultaneous disintegration ͑prompt fragmentation͒. A classification of various reaction mechanisms proposed for the intermediate energy region as well as a review of experimental data and different models are presented in Refs. ͓1͔ and ͓2͔. In spite of numerous experimental investigations and a variety of proposed models for the reaction mechanism the situation is still unresolved because the performed experiments were not able to disentangle well different processes such as sequential fragmentation processes and prompt fragmentation. Moreover the models of sequential and prompt fragmentation predict a very similar behavior of different experimental observables, since their general features are governed mainly by the available phase space. While in most investigations it was found that sequential processes dominate, some authors claim observation of nonsequential processes ͓3-14͔.
In the present work measurements were performed for light system of heavy ions 12 Cϩ 12 C at an incident energy of 28.7 MeV/nucleon. This beam energy is high enough to induce processes different from those expected at low energies. The specific choice of entrance channel nuclei in the present experiment allows for considerable simplification of the analysis. First the study of reactions in light system of heavy ions limits the number of possible partitions in the observed final state. Secondly the identity of interacting nuclei in the entrance channel and therefore fore-aft symmetry in the center of mass frame puts very stringent constraints on the data. In such a case identical processes are responsible for production of projectilelike and targetlike nuclei. Therefore, the reactions with a many body exit channel might be measured by the observation of fragmentation products of projectile like nuclei and owing to the fore-aft symmetry by the observation of associated target like nuclei. The additional experimental advantage of using light nuclei in the entrance channel is that the reaction products are also light, what enables their detection with a low energy threshold, good mass and charge separation of ejectiles and good energy resolution. The inclusive measurements of the energy spectra and angular distributions for various ejectiles ͑from 4 He up to 15 N) as well as coincidence measurements in different angular configurations were performed. The differential inclusive cross sections and coincidence cross sections were extracted. That results in a large set of experimental data containing transitions to discrete bound or unbound states of ejectiles, the continuous spectra that correspond to the excitation of highly excited states of ejectiles or to many body reactions, and the correlation of two particles emitted in many body processes. The experimental data were analyzed by means of various methods. Partial analysis of the inclusive data was performed earlier and published elsewhere ͓15-19͔. In the present paper more attention is paid to the coincidence data and simultaneous description of coincidence and inclusive distributions. The coincidence data were analyzed basing on kinematical considerations, enabling one to obtain model independent information about the reaction mechanism leading to many particles in the exit channel. The phenomenological approach was applied in the analysis of sequential decay processes initiated by the inelastic excitation and transfer reactions. More details of this analysis may be found in Ref.
͓20͔.
The experimental procedure will be presented in Sec. II together with a discussion of characteristic features of the experimental data. The model independent qualitative discussion of the coincidence data based on the kinematical signatures of the sequential fragmentation is presented in Sec. III. The model used for the analysis of the sequential processes initiated by direct reactions is presented in Sec. IV together with the results of the phenomenological analysis of sequential fragmentation processes. In Sec. V the contribution of various reaction mechanisms is discussed and final conclusions are presented.
II. EXPERIMENTAL PROCEDURE AND RESULTS
The experiments were performed using the 12 C ion beam of 344.5 MeV energy from the JULIC cyclotron of the Forschungszentrum Jülich. The experiments contained measurements of the inclusive energy spectra and coincidences. The beam was focused on a 12 C target of 1.1 mg/cm 2 thickness. The detection system consisted of three counter telescopes assembled of 50 m, 400 m, 2 mm, and 6 mm thick Si surface barrier detectors cooled down to Ϫ20°C. The solid angle covered by the detectors was 0.04 msr in inclusive experiments and 0.2 msr in coincidence measurements. This detection system is capable to separate the reaction products from 4 He up to 15 N according to their mass and charge in the energy range starting from threshold about 3-4 MeV/nucleon ͑see Ref. ͓16͔͒. The energy resolution was 700 keV and the accuracy of the absolute energy scale was about 0.8%. The time differences of the pulses from the telescope pairs in coincidence were measured with the resolution of about 1 ns, which allowed a good discrimination against random coincidence events.
The absolute values of cross section were evaluated from the measured counting rates, target thickness, solid angles of the detecting system and integrated beam charge. The uncertainty in absolute normalization of the cross section was estimated to be 7% mainly due to the uncertainty in target thickness.
In the inclusive measurements the energy spectra of all stable ejectiles from 4 He up to 15 N were measured at laboratory angles covering the range from 4°to 11.5°in 0.5°s teps and then up to 36°in 1°steps. This range covers a large part of the angular distributions. It follows from the identity of particles in the entrance channel that the cross section is symmetrical around 90°in the center of mass system ͑this corresponds to about 45°in the laboratory system͒.
The coincidences of various ejectiles were measured for angular configurations in a ''close geometry'' (ϩ6°,Ϫ6°), (ϩ6°,ϩ11°) and in a ''wide geometry'' (ϩ6°,Ϫ20°), (ϩ6°,Ϫ30°). All telescopes were placed in the plane including the beam direction. The same sign of the angles refers to telescopes placed on the same side of the beam and different signs correspond to telescopes placed on opposite sides of the beam. In the angular settings chosen for the coincidence measurements one of the telescopes was always placed at small angle ϩ6°. This telescope enables to detect the ejectiles produced in processes which are peaked at forward angles. Positions of the second detector cover the large part of the angular range.
The high energy part of the spectra where discrete peaks were observed was additionally measured using the Big Karl spectrometer. This allowed a better resolution of the transitions to discrete states ͑with energy resolution of about 200 keV͒ and a measurement at small angles down to 2°. The spectrometer was used also for the measurement of the Rutherford elastic scattering at small angles on a 197 Au target to verify the absolute normalization of the cross section.
More details about the experimental procedure, particle identification and results for inclusive measurements may be found in Refs. ͓16͔ and ͓20͔. Typical measured inclusive energy spectra could be found also there. The spectra at forward angles are dominated by the broad maximum located at energies close to those corresponding to the beam velocity. This maximum is asymmetric with a tail extending to small ejectile energies. At larger angles this maximum practically disappears and spectra decrease strongly with the ejectile energy. At small energies where the contribution from the compound nucleus reaction may be expected the observed cross section is small. The transitions to discrete states with definite excitation energies are observed for some ejectiles ͓18͔. They appear distinctly at small detection angles only. Such transitions to discrete states correspond to inelastic scattering and one-and two-nucleon transfer reactions.
The typical coincidence patterns are shown in Fig. 1 as a two dimensional scatter plot of the intensity in function of the energies of the coincident fragments for a given angular configuration. The coincidence spectra presented in Figs. 1͑a͒ and 1͑b͒ are for ''close geometry,'' i.e., angle settings (ϩ6°,ϩ11°) and coincidences of ␣ Ϫ 9 Be and ␣ Ϫ 6 Li, respectively, that in Fig. 1͑c͒ is for ''wide geometry'' angular setting, i.e., (ϩ6°,Ϫ30°) for coincidences of ␣ Ϫ 6 Li. The kinematical curves calculated from energy and momentum conservation for the corresponding three body reaction 12 C( 12 C,␣ 9 Be) 11 C for ␣ Ϫ 9 Be and 12 C( 12 C,␣ 6 Li) 14 N for ␣ Ϫ 6 Li coincidences are also plotted. These curves define the limits for the kinetic energy of particles in coincidence. The events situated on the kinematical curve correspond to the three body reaction with all particles in the ground state. Events lying inside the region enclosed by this curve may be accounted to the excitation of ejectiles or to more than three body reactions. Events above this region correspond to random coincidences only.
As it is seen from Fig. 1 qualitatively different coincidence patterns are observed in these three cases. In Fig. 1͑a͒ the majority of the coincidence events is concentrated close to the kinematical curve calculated for the 12 C( 12 C,␣ 9 Be) 11 C three-body reaction with all ejectiles in the ground states. Beyond the vicinity of kinematical curve some events are observed at ejectile energies smaller than those on the kinematical curve. This type of coincidence pattern is dominating for ␣ϩ 9 Be and ␣ϩ 10 B coincidences in ''close geometry.'' The second type of observed coincidence pattern is presented in Fig. 1͑b͒ . It is characterized by majority of coincidence events with ejectile energies much smaller than those corresponding to the kinematical curve. These coincidence events are, however, not distributed randomly but they are correlated to some curves. Similar behavior of the coincidence cross section is observed also for ␣ Ϫ 7 Be, ␣ Ϫ 7 Li, ␣ Ϫ 6 Li, and ␣ Ϫ␣ coincidences in ''close geometry.'' The third type of coincidence pattern appears for ''wide geometry.'' As may be seen in Fig. 1͑c͒ the coincidence events are concentrated at small energies of both detected ejectiles. They do not group close to the kinematical curves as for ''close geometry.'' For the ''wide geometry'' the patterns for all coincidences of ␣ particle with heavier ejectile are very similar.
III. ANALYSIS OF COMPOUND NUCLEUS, INELASTIC EXCITATION, AND TRANSFER REACTIONS
At small incident energies for the light systems of heavy ions ͑e.g.,
12
Cϩ 12 C system͒ reactions are dominated by compound nucleus and direct processes ͑i.e., inelastic scattering and transfer reactions͒. Both these processes contribute also to the continuous part of the spectra. The compound nucleus contribution is expected at energies corresponding to the center of mass velocity, while for direct reactions-close to the beam velocity. The contributions of these well known mechanisms have to be regarded before other reaction mechanisms that may appear at intermediate energy are considered.
A. Compound nucleus reactions
To evaluate the contribution of the compound nucleus reaction to the spectra of various ejectiles the calculations of particle evaporation from the compound nucleus were performed using the PACE code ͓21͔. The resulting cross section depends on the parameters in the level density formula and on the maximum angular momentum l f for fusion. For the calculations of the level density the GilbertCameron parameterization ͓22͔ was used. It contains two basic parameters: the level density parameter a and the pairing energy. The level density parameter used usually for light nuclei aϭA/5 (A is the nucleus mass number͒ and the pairing energy parameterization proposed in Ref. ͓23͔ were applied. The same parameters were successfully used in an extended analysis of 9 Beϩ 12 C fusion at E c.m. ϭ11.4 MeV ͓24͔ and 11 Bϩ 12 C fusion at E c.m. ϭ36.5 and 41.7 MeV ͓25͔, where the same nuclei as in the present analysis appear in the compound nucleus decay.
The potential model ͑Refs. ͓26,27͔͒ was used to estimate the maximum angular momentum for fusion. According to this model l f corresponds to the angular momentum l crit for which the ''pocket'' in the total potential ͑Coulomb, nuclear, and centrifugal͒ disappears. Using the optical model potential determined for 12 Cϩ 12 C system ͓15͔ value of l f ϭl crit ϭ17 was obtained. This value leads to a fusion cross section of 200 mb in good agreement with the predictions of the Porto-Sambataro phenomenological model ͓28͔ resulting in a fusion cross section value equal to 180 mb. The total reaction cross section amounts to 1290 mb.
As an example the results of these calculations for 10 B and ␣ particle ejectiles are compared with the experimental energy spectra in Fig. 2 for some angles. The obtained cross section for the outgoing 10 B produced as an evaporation residuum accounts for a considerable portion of the experimental cross section at small ejectile energies and small angles only. The contribution of the evaporation residuum cross section decreases with increasing angle and becomes very small in respect to the experimental cross section at laboratory angles larger than 25°. A similar behavior is observed for all other evaporation residua. As shown in Figs. 2͑c͒ and 2͑d͒ the cross section for ␣ particles evaporated in FIG. 1. Two-dimensional spectrum for ␣ Ϫ 9 Be ͑a͒ and ␣ Ϫ 6 Li ͑b͒ coincidences for an angular configuration (ϩ6°,ϩ11°) and for ␣ Ϫ 6 Li ͑c͒ for angular configuration (ϩ6°,Ϫ30°). The density of the points corresponds to the magnitude of the cross section and varies logarithmically. The solid curve represents the ejectile energies that correspond to a three body reaction with all final state particles in their ground states ͑kinematical curve͒. The kinematical curves for various values of missing energy Q 3 ͑dotted lines͒ and some selected values of excitation energy E 12 * ͑dashed lines͒ are also shown. Numbers labeling the curves correspond to Q 3 and E 12 * values in MeV.
the decay of the compound nucleus is very small in comparison to the experimental data at small angles, while it increases to about 20% of the experimental cross section at larger angles.
B. Direct reaction processes
For the investigated system the direct reactions leading to bound and a continuum of unbound states were calculated ͓15,18,19͔. The inelastic excitation ͓15͔ and transfer reactions to discrete states ͓18͔ were analyzed within the standard DWBA. Very good reproduction of the experimental angular distributions was obtained, and the values of the potential deformation length and spectroscopic factors agree very well with those from the other studies at low incident energies for various systems. The inelastic excitations to higher excited states were calculated ͓19͔ with the multistep direct reaction ͑MSDR͒ model ͑see Fig. 3͒ . It was shown that inelastic scattering and transfer reactions are still quite important at intermediate beam energy. They account for the observed transitions to discrete states and for a part of the continuum spectra for 12 C nuclei ͑inelastic excitation͒ and 11 C and 11 B ejectiles ͑transfer reactions͒ at large outgoing energies. Such direct reactions leading to unbound states initialize the sequential processes.
The excitation of the 8.96 MeV state of 14 N in deuteron transfer reaction and its subsequent proton decay may be regarded as a good example of such a sequential process. This process is shown schematically in Fig. 4 . The deuteron transfer to the 14 N 8.96 MeV state leads to a strong peak in 10 B spectrum presented in Fig. 2͑a͒ . This state is unbound and decays by proton emission with 100% probability since other decay channels are closed as their energy thresholds are larger than 9 MeV. Because of identical particles in the entrance channel it is possible to obtain directly the cross section for both 10 B and 14 N* outgoing particles by detecting 10 B ejectiles only. The identity of entrance channel particles results also in the fore-aft symmetry of the cross section in the center of mass system. Thus in the example shown in Fig. 4 the cross sections for the production of 10 B and 14 N* ejectiles are equal for given c.m. angle:
Therefore the angular distribution measured for the tran- Fig. 5 . In the kinematically allowed region the contribution of the sequential process, described above, to the continuous part of 13 C spectra is significant. That indicates the importance of the sequential processes initiated by direct reactions leading to unbound states. At larger angles the calculated cross section accounts only for a small part of the experimental cross section for the 13 C nucleus. This suggests that transitions to higher excited states of the 14 N nucleus have to be considered. Higher excited levels decay in the laboratory system into a larger angular cone. Therefore they contribute significantly at larger emission angles, and consequently their decay leads to a broader laboratory energy distributions of ejectiles.
IV. KINEMATICAL SIGNATURES OF THE SEQUENTIAL FRAGMENTATION REACTIONS
As shown in the previous section various processes like compound nucleus formation and decay as well as direct and sequential reactions lead to continuous distributions in the inclusive spectra. They can be only distinguished by appropriate model calculations. Since the coincidence data contain more information than the inclusive ones it may be expected, that some model independent conclusions about the reaction mechanism may be drawn from their analysis. For this purpose the characteristic features of the measured coincidence patterns will be discussed based only on kinematical considerations.
The energies of the two outgoing particles detected in coincidence at given emission angles were measured in the present experiment. The distribution of points in the scatter plot ͑energy of the first particle versus energy of the second one͒ is determined just by the phase space factor in case of uncorrelated particles. Deviation from the resulting smooth distribution indicates the presence of some dynamical correlations, thus it should contain information on the reaction mechanism. This will be most clearly visible when representing the coincidence cross section as a function of two variables: excitation energy E 12 * of the subsystem consisting of two observed particles, and the missing energy Q 3 , i.e., the energy of unobserved particles.
For the coincidences of ejectiles 1 and 2 ͑with known masses m 1 and m 2 and four momenta p 1 and p 2 ) emerging from the interaction of beam particles ''a'' with target nuclei ''b,'' these variables have the following definition:
where m 12 is the ground state mass of the nucleus formed of nucleons of particle 1 and 2:
where p x is the four momentum of all unobserved particles ( p x ϭ p 3 ϩ•••ϩp n ) and m x is the mass of the particular system of unobserved particles. When particles 1 and 2 form a resonant state of the composed system, a peak should be visible in the coincidence cross section at the excitation energy E 12 * corresponding to this resonant state. The missing energy Q 3 corresponds to the excitation energy of the third, unobserved particle in a three body reaction while it corresponds to kinetic energies and excitation energies of unobserved ejectiles in case of more than three body processes. In Fig. 1 the example of contour FIG. 5 . The experimental energy spectra for outgoing 13 C compared with sequential process calculations ͑solid line͒ as described in the text.
lines of excitation energy E 12 * and missing energy Q 3 is presented for the detection of 9 Be or 6 Li and ␣ particle in coincidence at the angular configuration (ϩ6°,ϩ11°).
Comparison of contour lines of E 12 * and Q 3 with experimental coincidence patterns leads to straightforward interpretation of the correlated structures visible in the experimental plots presented in Figs. 1͑a͒ and 1͑b͒ . Groups of points lying on the kinematical curve of the three body reaction presented in Fig. 1͑a͒ correspond to a missing energy equal to zero, i.e., to a three body reaction in which all ejectiles are in the ground state. These groups of points correspond, however, to well defined values of the excitation energy of a system composed of two observed particles. Thus the studied three body reaction proceeds via a sequential mechanism with excitation of states of intermediate 13 C system. Figure 1͑b͒ displays another correlation pattern. The events are grouped along contour lines of constant excitation energies E 12 * of 10 B. Occurrence of different missing energy is an indication of a sequential process with more than three ejectiles in the exit channel.
It should be emphasized that the distribution of points in the scatter plot is significantly modified by the efficiency of the detection system. The efficiency is determined by the angular configuration and the solid angles of the detectors, relative velocity and the sum of the velocities of the particles detected in coincidence, hence it depends on E 12 * . The efficiency was calculated for each analyzed angular configuration using the Monte Carlo method. The efficiency strongly decreases with increasing E 12 * value and for various angular configurations the maximum of the efficiency corresponds to different E 12 * values. The efficiency does not depend strongly on the missing energy Q 3 and is practically constant in the whole available Q 3 range. Coincidence spectra of the ␣ Ϫ 9 Be and ␣ Ϫ 6 Li will be discussed as typical examples of a kinematical analysis.
␣ Ϫ 9 Be coincidences. Figure 1͑a͒ shows that most of the coincidence events are concentrated on the kinematical curve corresponding to ␣ϩ 9 Beϩ
11
C final state with all outgoing particles in the ground state (Q 3 ϭ0). This is well visible when the coincidence spectra are presented as function of missing energy E 12 * ͓Fig. 6͑a͔͒. The presence of groups of points corresponding to well defined excitation energies of nucleus 13 C, decaying to 9 Be and ␣, indicates that the reaction proceeds sequentially with excitation of 13 C to several unbound states. This is illustrated in Fig. 6͑b͒ where the projection onto E 12 * excitation energy of coincidence events corresponding to the peak at Q 3 ϭ0 in Fig. 6͑a͒ is presented. The excitation of the following unbound states: 11.1, 11.9, 12.3, 12.6, 13.2, 13.9, and 14.4 MeV is visible well above the random coincidences. The continuous part of the missing energy spectrum ͓Fig. 6͑a͔͒ may be attributed to more than three body reactions, e.g., a four body reaction leading to ␣ϩ 9 Beϩ pϩ 10 B final state. According to the discussion presented above, the detection efficiency causes that only a small range of 13 C excitation energy may be observed for each angular configuration of detectors. Thus, to determine the excitation probability of 13 C nucleus in a broad energy range one has to combine the information from several angular configurations and correct it for the detection efficiency. Such an excitation probability is shown in Fig. 7 . It is seen that the cross section depends exponentially on the excitation energy E 12 * . This dependence as well as the magnitude of the excitation probability is very similar for different angular configurations. It should be noted that these coincidence spectra contain information not only on the formation of intermediate excited states but also on the probability of their decay into ␣ϩ 9 Be channel. ␣ Ϫ 6 Li coincidences. Another type of coincidence pattern is shown in Fig. 1͑b͒ . The events are grouped on curves of constant E 12 * , corresponding however, to a broad range of missing energy. Therefore, it may be concluded that other reactions with more than three bodies in exit channel with excitation of intermediate 10 B nuclei are responsible for these coincidences. The reaction may proceed via inelastic excitation of 12 C and its subsequent decay with emission of deuteron ͑or nϩ p sequences͒ and ␣ particle. Another type of the reaction mechanism leading to ␣ Ϫ 6 Li coincidences corresponds to alpha particle decay of excited 12 C with for- B levels is well visible in Fig. 8 where the ␣ Ϫ 6 Li coincidence cross section is presented as function of E 12 * . The observed peaks may be identified as corresponding to the following known 10 B excited states: 4.774 MeV, three unresolved states at about 5.15 MeV and a group of three states at about 6 MeV. No significant continuous contribution is observed which should appear in case of an ␣-deuteron decay sequence. Suppression of the reaction involving the ␣-deuteron sequence is due to the 8 Be structure which favours ␣ Ϫ␣ decay of this nucleus.
In order to obtain the excitation energy distribution of 10 B nuclei produced in the 12 C decay, the experimental ␣ Ϫ 6 Li coincidence distributions were corrected for detection efficiency. The corrected coincidence cross sections are shown in Fig. 9 for the (ϩ6°,Ϫ6°) and the (ϩ6°,ϩ11°) angular configuration as a function of E 12 * . It is seen that the probability distributions of excitation energy of 10 B nuclei ͑de-caying subsequently via ␣ particle emission͒ are exponentially decreasing functions, similar in shape and magnitude for both angular configurations.
Since the coincidence patterns of ␣ Ϫ 7 Be and ␣ Ϫ 7 Li are analogous to those of ␣ Ϫ 6 Li coincidences, it may be concluded that the mechanism responsible for populating these three channels is very similar. The occupation of 7 Li and 7 Be channels is caused by sequential reactions consisting of the excitation of 12 C nucleus to unbound states, followed by nucleon emission populating unbound states of 11 C or 11 B, and subsequent ␣-particle emission. The exponential dependence on E 12 * of the probability of production and ␣ particle decay of intermediate 11 C and 11 B nuclei was found from experimental coincidence spectra corrected for detection efficiency. The slope of these corrected ␣ Ϫ 7 Be and ␣ Ϫ 7 Li spectra, represented as function of E 12 * , is the same as that observed for ␣ Ϫ 6 Li coincidences.
V. SIMPLE MODEL FOR SEQUENTIAL PROCESS CALCULATIONS
As it was shown in the previous chapter the direct reactions lead frequently to unbound states which subsequently decay by particle emission. It follows from the analysis of the coincidence data, that most of the observed coincidences may originate from such sequential reactions. In this chapter it will be shown how the observed spectra may be described by a simple phenomenological model based on this reaction mechanism.
In general, the inclusive and coincidence differential cross sections are calculated by integrating the product of the transition probability P and the phase space density factor over all allowed values of momenta of unobserved particles. The transition probability contains full information concerning the dynamics of the reaction while the phase space density factor corresponds to the number of available states in the exit channel while ensuring conservation of total energy and momentum. The inclusive cross section for the observed particle ''1'' may be represented as
and the coincidence cross section for the observed particles ''1'' and ''2'' as
where E i , p i ជ , p i denote the total energy, momentum and four momentum of particle i (iϭa,b,1,2, . . . ,n for beam, target, and outgoing particles 1,2, . . . ,n, respectively͒, F is the normalization factor corresponding to the flux of the incident particles, d 3 p i /2E i is the phase space density for particle i, and P corresponds to the transition probability to the exit channel with outgoing particles 1,2, . . . ,n.
It is assumed that the formation of excited nuclei and their subsequent decays are separated in time well enough to assure that formation and decay processes are independent. Then the transition probability may be represented as a product of formation probability of excited intermediate nuclei and the probability of their successive decays. The formation probability depends on the emission angle and excitation energy of the first step reaction products while the decay probability is determined by excitation energies of the decaying nuclei and decay products. The decay probability may depend also on the emission angles when the decaying nuclei are polarized. It is, however, justified to assume that the average polarization of intermediate nuclei vanishes since many unbound states are excited in the energy region under consideration. This averaging leads to isotropic emission of the decay products in the rest frame of the decaying nuclei.
The exponential angular dependence of the transition probability on the center of mass angle c.m. of a projectile-TABLE I. The decay channels taken into account in the calculations of the sequential processes started by inelastic excitation and one and two nucleon transfer processes. The total cross section resulting from the comparison of the calculations with experimental data is also shown for each regarded process. like fragment was assumed in accordance with the observed shape of angular distributions for inelastic and transfer reactions. The identity of particles in the entrance channel was taken into account by representing the transition probability as a sum of contributions for center of mass angles c.m. and Ϫ c.m. . It follows from the kinematical analysis of the coincidence data for three body reactions that the formation prob- FIG. 10 . Experimental ␣ Ϫ 9 Be coincidence spectra compared with a sequential processes calculation (␣ϩ 9 Beϩ 11 C, thick dashed lines; ␣ϩ 9 Beϩpϩ 10 B, thin solid lines͒, compound nucleus calculations ͑thin dashed lines͒, and sum of all these processes ͑thick solid lines͒.
ability is an exponential function of the excitation energy E 1 * of the unstable nucleus formed in the first step of the reaction ͑see Fig. 7͒ . The analysis of four body reactions ͑presented in Fig. 9͒ leads to the conclusion that the transition probability also depends exponentially on excitation energy E Then the transition probability P may be written as
where N is the normalization factor ͑different for each reaction channel͒, ␤ parameter determines the slope of the angular distributions, and the parameters ␥, ␦, . . . ,⑀ and contain both probabilities of formation and decay of the excited states.
The value of the parameter ␤ varying in the range of 0.1Ϫ0.2 deg Ϫ1 was deduced from experimental and theoretical angular distributions for direct processes discussed in Sec. III B. The reproduction of experimental data was of similar quality for all values of ␤ in this range. Therefore, the parameter ␤ was kept constant at a value of 0.15 deg Ϫ1 for all calculations in the present analysis.
It was found that transfer and inelastic excitation processes exhibit a different dependence on the excitation energy of the intermediate nuclei formed in the first step of the reaction. Therefore the ␥ parameter was fixed at different values for sequential processes initiated by transfer and those initiated by inelastic excitation. The parameter ␥ trans. ϭ0.13 MeV Ϫ1 was obtained from the analysis of the experimental coincidence spectra for three body reactions leading to ␣ Ϫ 9 Be and ␣ Ϫ were used for processes in which decay occurs in two or more steps. They were fixed according to the dependence of the experimental coincidence cross section on the excitation energy for four body reactions leading to ␣ Ϫ 7 Be, ␣ Ϫ 7 Li, and ␣ Ϫ 6 Li coincidences. To obtain absolute values of the cross sections the normalization factor N was adjusted separately for each reaction channel. Then the total cross section for each analyzed sequential process may be calculated by integration of the calculated distributions over solid angle and over the energy of the outgoing particle. The choice of the values of the parameters ␤, ␥, ␦, . . . was not very critical for the results of the analysis. For example, variation of ␥ inel. parameter ͑for sequential processes started by inelastic excitation͒ in 0.03 -0.05 MeV Ϫ1 range as well as ␤ parameter in 0.1Ϫ0.2 deg Ϫ1 range leads to a very similar description of the experimental data. These uncertainties of parameters determination cause that the cross sections for various sequential processes were estimated with an error of about 15%.
The kinematical considerations taking into account all experimental data enabled to determine which reaction processes are significant and should be taken into account in a detailed quantitative analysis. They are listed in Table I . The quality of data description may be judged using as examples the coincidence cross sections for ␣ Ϫ 9 Be, ␣ Ϫ 6 Li, ␣ Ϫ␣ and the inclusive cross sections for all the channels. ␣ Ϫ 9 Be coincidences. The main contribution to these coincidences is due to the three body reaction 12 C( 12 C,␣ 9 Be) 11 C and to the deuteron transfer reaction followed by proton and ␣ particle emission 12 Cϩ 12 C→␣ ϩ 9 Beϩ pϩ 10 B. Coincidence cross sections were evaluated for these two sequential reactions in the frame of our phenomenological model. The only free parameters were the normalization factors for both reactions determined from the simultaneous analysis of coincidence and inclusive data. The contributions of different processes are compared with experimental coincidence spectra in Fig. 10 . The sum of cross sections for both these sequential mechanisms together with a contribution from compound nucleus reactions reproduces the experimental coincidence data very well, with exception of small angle of ␣ particle emission.
␣ Ϫ 6 Li coincidences. Kinematical considerations presented in the previous chapter lead to the conclusion that 6 Li nuclei are produced mainly in the following sequential processes: Inelastic excitation of 6 Liϩ␣. Contribution of the first mechanism to the experimental coincidence cross sections is shown in Fig. 11 as thick dashed line while the contribution from the other ones is presented as thin solid line. All mechanisms contribute significantly to the reaction under consideration. The normalization factors can be determined unambigously by taking into account also inclusive spectra. From the inclusive spectra presented in Fig. 12 it is obvious that contribution of four body reactions decreases quickly with the scattering angle. Therefore the normalization for the five body reactions can be obtained from fitting the inclusive spectra at large scattering angles. As can be seen from Fig.   11 the sum of the contributions from the sequential and compound nucleus reactions reproduces well the experimental coincidence data.
␣ Ϫ␣ coincidences. It may be stated from inspection of Table I that the ␣ particle inclusive cross section is the most important contribution to the total reaction cross section. Therefore it is essential to obtain a good model description of the reactions in which ␣ particles emerge. From the sequential processes listed in Table I only the inelastic excitation of 12 C nucleus followed by decay into three ␣ particles may lead to ␣ Ϫ␣ coincidences. The kinematical analysis of ␣ Ϫ␣ coincidences allows the conclusion that the decay of 12 C nucleus into three ␣ particles proceeds sequentially with the production of the intermediate sumed in the analysis that the 8 Be nucleus is produced in the ground state and the first excited state only. The complex analysis of ␣ particle spectra and ␣ Ϫ␣ coincidences allows the determination of the normalization factor N and relative strength of the production of 8 Be nuclei in the ground and first excited states. It was found that 8 Be nuclei are produced in both these states with the same probability. The quality of the model description of ␣ Ϫ␣ coincidences is illustrated by Fig. 13 where the experimental spectra ͑histograms͒ for two angular configurations are compared with model results ͑thick solid line͒.
The inclusive spectra. They are very well reproduced by model calculations in the whole measured angular range for all ejectiles. This is shown in Fig. 12 for 6 Li energy spectra for several angles and in Fig. 14 where energy spectra of other ejectiles measured at lab ϭ5°has been collected. It is seen that sequential fragmentation processes account for a large part of the experimental cross section and together with the cross section for the compound nucleus describe very well the experimental spectra ͑solid line in Fig. 14͒ . Part of the 11 C and 11 B spectra at high energies not reproduced by sequential processes corresponds to one nucleon transfer reactions analyzed separately in Refs. ͓15,18,19͔. Total cross sections for each sequential process derived from the analysis are given in Table I .
The very good description of experimental data obtained in the quantitative analysis permits to accomplish a balance of the total reaction cross section. The obtained total inelastic excitation cross section followed by the decay was found to be 800 mb. In the inelastic excitation process both interacting nuclei are mutually excited to energies larger than the decay threshold. The mutual excitation accounts for about 75% of the inelastic excitation cross section. The sequential processes started by transfer give 200 mb. Therefore, the total cross section for the sequential fragmentation processes was estimated to be 1000 mb. The cross section for compound nucleus reaction was found to be 200 mb. The experimental cross section corresponding to two body processes ͑integrated cross section for measured discrete state transitions͒ is equal to about 40 mb. All these processes combined give the total cross section value of 1240 mb with an estimated error of about 200 mb which agrees very well with the total reaction cross section of 1290 mb obtained from the optical model calculations. Thus the sequential processes started by direct reactions may account for about 80% of the total reaction cross section, 5% have to be attributed to the direct processes with ejectiles being in bound states whereas fusion is responsible for about 15%.
VI. CONCLUSIONS
The reaction mechanism for the 12 Cϩ 12 C system was studied at an intermediate energy of 28.7 MeV/nucleon. The performed experiment containing measurements of both inclusive as well as coincidence spectra with good ͑Z,A͒ identification enabled a detailed analysis of the data.
The analysis of the experimental coincidence spectra based on kinematical considerations indicates that the reaction mechanism is dominated by sequential three, four, and five body processes. A phenomenological model for a quantitative description of the data was formulated. The application of this model led to very good reproduction of the coincidence and inclusive data and thus delivered information on absolute values of cross sections.
The accomplished balance of cross sections shows that in the energy region under investigation the sequential processes started by direct reactions together with the contribution from the compound nucleus reaction mechanism and direct reactions exhaust almost completely the total reaction cross section.
